Bacterial pathogens encounter a variety of nutritional environments in the human host, 27 including nutrient metal restriction and overload. Uptake of manganese (Mn) is essential for 28 Enterococcus faecalis growth and virulence; however, it is not known how this organism 29 prevents Mn toxicity. In this study, we examine the role of the highly conserved MntE 30 transporter in E. faecalis Mn homeostasis and virulence. We show that inactivation of mntE 31 results in growth restriction in the presence of excess Mn, but not other metals, demonstrating 32 its specific role in Mn detoxification. Upon growth in the presence of excess Mn, an mntE 33 mutant accumulates intracellular Mn, iron (Fe), and magnesium (Mg), supporting a role for 34 MntE in Mn and Fe export, and a role for Mg in offsetting Mn toxicity. Growth of the mntE 35 mutant in excess Fe also results in increased levels of intracellular Fe, but not Mn or Mg, 36 providing further support for MntE in Fe efflux. Inactivation of mntE in the presence of 37 excess iron also results in the upregulation of glycerol catabolic genes and enhanced biofilm 38 growth, and addition of glycerol is sufficient to augment biofilm growth for both the mntE 39 mutant and its wild type parental strain, demonstrating that glycerol availability significantly 40 enhances biofilm formation. Finally, we show that mntE contributes to infection of the 41 antibiotic-treated mouse gastrointestinal (GI) tract, suggesting that E. faecalis encounters 42 excess Mn in this niche. Collectively, these findings demonstrate that the manganese exporter 43 MntE plays a crucial role in E. faecalis metal homeostasis and virulence. 44 45 nutritional immunity (1, 4-6). To counteract these host-mediated defences, many bacterial 51 pathogens including Enterococci encode dedicated systems to acquire Mn. 52 53
Introduction 46
Manganese (Mn) is an essential metal for most bacteria and serves as a cofactor for proteins 47 involved in metabolism, DNA replication, respiration, and oxidative stress (1). Accordingly, 48 Mn acquisition contributes to bacterial virulence in multiple bacterial species (2) (3) (4) . In order 49 to limit bacterial growth and virulence, the host sequesters Mn as a defense response termed 50 biofilm CFU to wild type levels. These results demonstrate that the absence of mntE leads to 150 increased sensitivity to Mn during both planktonic and biofilm growth.
152
Absence of mntE results in intracellular metal accumulation 153 The ability to regulate intracellular Mn is a key determinant for cell survival and growth. 154 Based on its predicted function in Mn export, we hypothesized that the absence of mntE 155 would lead to increased intracellular Mn. To test this hypothesis, we performed inductively 156 coupled plasma mass spectrometry (ICP-MS) on cells isolated from static 24 hr biofilms 157 grown in 2 mM Mn-supplemented media. While we did not observe differences in 158 intracellular metal accumulation when the mntE::Tn mutant was grown in control media 159 (Figure 2A) , we observed that wild type E. faecalis accumulated more intracellular Mn when 160 grown in Mn-supplemented media and the mntE::Tn mutant accumulated significantly more 161 intracellular Mn compared to wild type, when both were grown in 2 mM Mn-supplemented 162 media ( Figure 2B ). Complementing the mntE::Tn mutant with mntE restored intracellular 163 Mn levels of the mntE::Tn mutant to that of wild type empty vector control strain ( Figure   164 2B). Notably, growth of the mntE::Tn mutant in Mn-supplemented media also resulted in 10-165 fold more intracellular Mg and 30-fold more intracellular Fe as compared to the wild type 166 strain ( Figure 2B ). We previously showed that the absence of mntE resulted in enhanced 167 biofilm growth in iron supplemented media (26) . If MntE also exports Fe, as the data in 168 Figure 2B suggest, the absence of mntE should give rise to increased intracellular Fe due to 169 intracellular accumulation. Indeed, we observed that the mntE::Tn grown in Fe-supplemented 170 media accumulated significantly more intracellular Fe as compared to wild type, whereas 171 intracellular Mn and Mg were unchanged compared to wild type ( Figure 2C) . 172 Complementing the mutant strain with mntE resulted in restoration of intracellular Fe to 173 levels observed in wild type empty vector control strain ( Figure 2C) . These findings suggest 174 that MntE has the capacity to export both Mn and Fe. 175 176 Magnesium supplementation alleviates manganese-mediated growth inhibition 177 Since we observed increased intracellular Mg in the mntE::Tn biofilms grown in Mn-178 supplemented media (Figure 2) , we reasoned that increasing intracellular Mg may be a 179 bacterial response to counter accumulated intracellular Mn mediated toxicity as reported in 180 Bradyrhizobium japonicum (35) . Therefore, we tested if supplemention of Mg would restore Although the mntE::Tn mutant accumulates intracellular Fe, and mntE is induced in response 215 to Fe during planktonic growth (28), mntE is not upregulated in E. faecalis biofilms when 216 grown in Fe-supplemented media (data not shown). However, we previously showed that the 217 absence of mntE resulted in augmented biofilm formation in Fe-supplemented media (26). To 218 identify other Fe-regulated genes that might contribute to Fe-augmented biofilm formation, 219 we performed RNA sequencing and compared transcriptional profiles of wild type and 220 mntE::Tn E. faecalis biofilms grown in Fe-supplemented media. Strikingly, the only 221 differentially regulated genes were the upregulation of glycerol catabolic genes (glpF2, glpO, 222 glpK) in the mntE mutant in response to Fe when compared to the non-iron supplemented 223 media TSBG control (Table S1 ). We speculated that glycerol serves as an energy source to 224 promote biofilm growth for the mntE::Tn mutant in Fe-supplemented media. We were unable 225 to simultaneously delete both mntE and glpF2 in order to test this hypothesis. Instead, pyogenes (8, 12, 39) . However, the E. faecalis mntE::Tn mutant did not display altered 243 sensitivity to oxidizing agents when compared to wild type ( Figure S6A-B) , nor did 244 hydrogen peroxide production significantly change when compared to wild type, as has been 245 reported for S. pneumoniae when Mn is in excess (9) ( Figure S6C ). Therefore, we conclude 246 that increased intracellular Mn does not impact oxidative stress tolerance in E. faecalis. Discussion 261 We previously showed that the absence of MntE resulted in enhanced iron-augmented 262 biofilm (26), however the role of MntE and its contribution to iron-augmented biofilm were 263 not characterized. We show that MntE is essential for Mn homeostasis to prevent Mn 264 toxicity, and contributes to changes in intracellular Fe and Mg pools, which in turn can alter 265 glycerol catabolism and growth. Finally, we demonstrate that MntE is required for E. faecalis 266 expansion in the mouse gastrointestinal (GI) tract. Gram positive species, we examined its role in E. faecalis oxidative stress tolerance and 290 virulence. While we found no evidence for a role of E. faecalis MntE during growth in the 291 presence of oxidative damaging agents, it contributes to growth in the antibiotic-treated GI 292 tract. A major factor in E. faecalis adhesion, virulence, and biofilm formation is the sortase-293 assembled pilus (Ebp) (37, 44-46). However, transcription of the gene encoding the major 294 pilus subunit ebpC is upregulated in Mn-supplemented media, even when biofilm biomass 295 accumulation is attenuated compared to wild type. Since Ebp are important for GI 296 colonization (47), and since the mntE mutant is attenuated in mouse GI colonization, we 297 speculate the upregulation of pilus expression observed in vitro either does not occur in the 298 mouse GI tract, or that pilus expression in vivo is insufficient to complement the virulence 299 defect of the mntE mutant. We speculate that increased Fe levels observed in the E. faecalis mntE mutant may serve to 331 maintain the intracellular Fe/Mn ratio necessary for cellular processes under Mn stress. S. aureus (55, 56) . Altogether these reports demonstrate that bacteria tightly regulate 350 intracellular Mn/Fe ratios, and altered homeostasis of these transition metals can alter gene 351 transcription and growth. Therefore, it is likely that E. faecalis employ similar strategies to 352 regulate intracellular Fe/Mn ratios, and alteration of these ratios can impact global gene 353 transcription. We speculate that inactivation of mntE did not greatly impact growth in normal (59) and is an important transition metal for microbial growth (60), 373 we speculate that Fe positively impacts glycerol uptake and the increased uptake of glycerol, 374 which in turn are converted to glycerol-3-phosphate (G3P) in glycolysis, drives increased 375 energy production and increased biofilm growth.
377
Collectively, these findings suggest that MntE is a Mn exporter. Since MntE is conserved 378 across a number of gram positive and gram negative bacteria, we propose that this Mn efflux 379 system is a common strategy for Mn homeostasis in bacteria. In E. faecalis, we establish that transformed into E. faecalis as described previously (37). 6-well plate for 24 hours at 37 o C under static conditions. Post incubation, spent media was 463 removed and biofilms were suspended in PBS prior being dislodged using cell scraper.
464
Biofilm cultures were centrifuged at 14,000 rpm for 2 minutes at room temperature to remove 465 supernatant. Biofilm cell pellet was incubated with lysozyme from chicken egg white 466 (10mg/ml) (Sigma Aldrich, USA) for 30 minutes at 37 o C, and centrifuged at 14,000 rpm for 2 467 minutes at room temperature to remove supernatant prior to cell lysis. RNA extraction was 488 mice were administered ampicillin (VWR, USA) in their drinking water (1 g/L) for 5 days as 489 previously described (62, 68). Mice were then given one day of recovery from antibiotic 490 treatment prior to administration of approximately 1-5 x 10 8 CFU/ml E. faecalis (OD600nm 491 0.5) in the drinking water for 3 days as previously described (69). Before and after infection, 
